The morphology of the siliceous cell wall (frustule) is fundamental to the identification of 31 diatom species. One of the fundamental questions is the ecophysiological role of the diatom 32 frustule, which often shows morphological plasticity under different growth conditions. In this 33 study, the morphology and elemental composition of the diatom Attheya longicornis were 34 investigated under nutrient-replete (control), iron-depleted and nitrogen-depleted conditions. 35
Introduction 59
Diatoms contribute to approximately 20% of the Earth's oxygen production 60 (Falkowski et al. 1998) and their organic constituents can potentially sink rapidly below the 61 mixed layer depth depending on their relatively large cell size and heavy siliceous cell wall 62 (frustule). Therefore, diatoms drive a substantial part of the biological carbon pump (Smetacek 63 with heavily silicified frustules at the surface under iron limitation. 117
We conducted a manipulative experiment using the diatom Attheya longicornis R. M. 118
Crawford et C. Gardner under nutrient-replete (control), nitrogen-depleted and iron-depleted 119
conditions to test the effects of the nutritional status of the diatom on its morphology and 120 elemental composition. Attheya species have four siliceous horns per cell (23-50 μm in length; 121 Orlova et al. 2002 , Stonick et al. 2006 , which are composed of hoop-like structures and 122 supporting rods, unlike the setae of Chaetoceros species, which have a more or less smooth 123 surface (Round et al. 1990 , Crawford et al. 1994 . The cylindrical cells are 4-12 μm in 124 diameter and 6-12 μm in height (pervalver length) (Crawford et al. 1994 , Orlova et al. 2002 , 125 Stonick et al. 2006 . Certain Attheya species (mainly A. longicornis and A. septentrionalis) are 126 often found as solitary phytoplankton in the open ocean (Sugie et al. 2010a, Malviya et al. 127 2016, Sugie and Suzuki in press) or attached by their horns to chain-forming diatoms in the 128 coastal region (Figs 1, 2; Crawford et al. 1994 , Orlova et al. 2002 , Stonik et al. 2006 . The 129 cryophilic species, A. longicornis, occurs from subarctic seas to the Arctic Ocean and can 130 survive in darkness for at least several months (Orlova et al. 2002 , Sugie et al. 2010a 0.1 µmol L −1 , 0.4 µmol L −1 , and approximately 240 µmol L −1 , respectively. The silicic acid-146 enhanced f/2 medium contained 886 µmol L −1 of NO3, 38 µmol L −1 of PO4 and approximately 147 350 µmol L −1 of Si(OH)4 as macronutrients, and f/2 metals chelated with EDTA. All the 148 macronutrient stock solutions were passed through a Chelex 100 ion-exchange resin to remove 149 trace metals (Morel et al. 1979 ). Prior to the experiment, the diatom stock cultures were kept 150 in the exponential growth phase for at least 10 doublings by the semi-continuous transfer of 151 cells into the silicic acid-enhanced f/2 medium. Diatoms showing healthy growth were 152 transferred to a modified f/2 medium, prepared without the addition of f/2 trace metals, EDTA, 153 or vitamins. Ferric iron (100 nmol L −1 ) and manganese (25 nmol L −1 ) were added to the 154 medium to remove excess trace metals (Sugie & Kuma 2008 , Sugie et al. 2010a , 2011 . Before 155 the experiment, the algal strain was grown in exponential growth phase for 7 days (or 156 approximately seven cell divisions) in the modified f/2 medium. 157
Three types of media were prepared for use in the experiment: (1) control, (2) nitrogen 158 (N)-depleted and (3) iron (Fe)-depleted media (Table 1) . Silicic acid-enhanced f/2 medium, 159 which was macro-and micronutrient-replete, was used as the control. The N-depleted medium 160 was prepared by adding 5 μmol L −1 of NO3 (instead of 880 μmol L −1 ) to the silicic acid-161 enhanced f/2 medium (i.e., 11 μmol L −1 of NO3 in the N-depleted medium). The Fe-depleted 162 medium was prepared by adding 1 μmol L −1 of strong iron-binding siderophore 163 desferrioxamine B (DFB) (Sigma Chem. Co. Ltd.) to the modified f/2 medium. In our 164 preliminary experiment, the growth of A. longicornis ceased when there was excess DFB 165 relative to ferric iron concentrations, as observed in a previous study using different diatoms 166 The filter samples for the POC and PN analyses were dried at 60°C overnight and measured 185 using a CHN analyser. For the BSi analysis, the diatom cells were collected on a 0.8 μm pore 186 size polycarbonate membrane filter and rinsed with Milli-Q water to remove silicic acid from 187 the culture medium. The samples were then digested by heating to 85°C for 2 h in a 0.5% 188 Na2CO3 solution (Paasche 1980) , and the dissolved Si(OH)4 was analysed using a QuAAtro 189 continuous flow analyser. For the chlorophyll-a measurements, the culture samples were 190 collected on a GF/F filter and soaked in 6 mL of N,N-dimethylformamide (DMF) (Suzuki & 191 Ishimaru 1990) . The samples were stored at −20°C until analysis. Chlorophyll-a was measured 192 using a Turner Design 10-AU fluorometer (Welschmeyer 1994) . rinsed with Milli-Q water (Nagumo 1995) and attached to a glass slide. The glass slide was 204 then sputtered with gold prior to examination using the SEM (JSM-6360LA, JEOL Ltd., Tokyo, 205 Japan). Horn (diameter (dhorn): 0.51 μm) ultrastructure was measured as the continuum of 206 hoops (or torus) without the supporting rod to simplify the measurements (Fig 3) . There were 207 11-14 (average 12.75, n = 6) hoops per 1.0 µm and their diameter (dhoop) was 0.06 µm. Hoop 208 volume (Vhoop) and surface area of the hoop (SAhoop) were calculated using Vhoop = 2π 2 × 209 (dhorn/2−dhoop/2) × (dhoop/2) 2 and SAhoop = 4π 2 × (dhorn/2−dhoop/2) × dhoop/2, respectively. 210
In the present study, the sinking rate of a cell is estimated by Stokes' law as follows: 211
where S is the sinking rate (m d −1 ), g is the gravitational acceleration constant (9.8 m s
is the spherical radius of the particle (m), ρp and ρsw represent density (kg m ). Stokes' law indicates that, where the density of a particle 216 and that of its physical surroundings are the same, the sinking rate increases with the square 217 of the particle radius. Surface area (4πR 2 ) to the volume (4/3πR 3 In contrast, horn length was significantly greater in the algal cells cultured under Fe-depleted 262 conditions (52.2-67.8 μm), compared with those in the N-depleted treatment (35.6-56.5 μm) 263 and the controls (33.8-47.9 μm) (Figs 4-6 and 9c). The SA/CV ratios were significantly higher 264 in cells from the Fe-depleted treatment, followed by the N-depleted treatment and the controls 265 (Fig. 4d) . 266
Estimated sinking rate. 267
To estimate the cell sinking rates applying Stokes' law, constant values were used for showed the highest Si content. The estimated sinking rate of the cells with prolonged horns 276 and a more than 2-fold increase in Si quota under Fe-depleted conditions was slower than that 277 under the controls (Fig. 9e) . the cell surface and the water. For diatoms to actively regulate their sinking rate, substantial 295 respiratory energy would be required (Waite et al. 1992) . Iron-limitation depresses 296 photosynthesis and therefore limits the energy available for respiration (Muggli et al. 1996) . 297
However, silicon uptake may be independent of iron-requiring processes, and silicification 298 requires less energy than the formation of cellulose cell walls (Martin-Jézéquel et al. 2000) . either macro-or micronutrient depletion, such large chain-forming diatoms would decrease 374 their abundance partly due to the formation of fast-sinking resting spores (Smetacek 1985,14 To sustain the local population of A. longicornis under unfavourable growth conditions, a 378 change in sinking behaviour appears to be beneficial, both in the coastal and open ocean of 379 the subarctic. Such physiological plasticity may contribute to their wide distribution in these 380 regions (Orlova et al. 2002 , Stonik et al. 2006 , Sugie et al. 2010a , Malviya et al. 2016 and Suzuki in press). These suggested ecophysiological strategies of diatoms with spiny 382 siliceous structures need additional study, but the available data suggest that the A. longicornis 383 increases its survival rate by altering its ecological strategies depending on the nutrient-384 limiting conditions. 
